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INTRODUCTION 

The purpose of Air Force Project MX-1016 is to determine the 

feasibility of attaching F-64 fighters to the wing tips of B-29 or B-50 

bombers for long range towing« This report describes the work accomplished 

during Phase I of the project in connection with the preliminary design of 

the control system components required to maintain the F-84. aircraft in 

proper relationship to the B-50 aircraft. 

In the dynamic stability studies of the B-50 - F-84 airplane 

configuration described in Reference 1, two types of wing tip attachment 

were considered. These were (A) a coupling in which the F-S4. is free to 

roll about the wing tip joint but restrained both in pitch and yaw» and 

L~Rh  = «ftussünff is ^hi"- "Vsa F=3A is f~"-e t,r» j=©ll sxS  ~it.e-h sb^u^- w»« 

wing tip joint but restrained in yaw only» It was assumed in the stability 

investigations for both types of couplings that an automatic control 

system could be designed which would operate the F-84- control surfaces 

to effect a desired damped oscillation determined by the dynamic stability 

study. The control-system was assumed to respond to input signals 

j>roportional to the angular misalignment angle between the B-50 and 

•O—O/  ..„t„~„     /_} n-rtA     +V,«A  -»Q + ä  1  _     S~) 

results af the dynamic stability study indicate that stabilization of 

the F-84 may be possible for dither of the two types of coupling 

consxuersvA e 
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Stabilization of the F-84 when attached to the B-50 by a wing tip 

coupling which allows freedom in roll only i3 indicated to be feasible if the 

F-84 is controlled by its ailerons acting as plain flaps. For this attachment 

and mode of control the F-84 oscillation resulting from pitch and/or roll 

disturbance of the B-50 - F-84 combination will be suitably damped if the 

ailerons are moved, both in the same direction, so that the aileron angle, 

$a, is equal to Ky3 • Preliminary calculations show that stability will 

be obtained if K has a value of approximately - 3. 

For the coupling in which the F-84 is free to pitch and roll about 

the wing tip joint but restrained in yaw, the stability study indicates that 

the oscillations of the F=84 resulting from pitch and/or roll disturbances 

of the B-50 - F-84 combination will be suitably damped if the F-84 elevator 

Is Controlled SO that the elevator nryrle- V\si   is scual to a ,6 =?=  b-/3 

and the B-50 flight is controlled by the B-50 autopilot to reduce gust 

disturbance effects to a minimum« Preliminary calculations give values 

for a and b of 0«1 and 0.2 respectively» 

II Aileron Control Of F-8A For Coupling With F-8A Free To Roll But 

Restrained In Pjtch and Ya^r 

S-l-7 2 
«•;  Rev. 2/19 

With the F-84 and B-50 wing tips coupled by a two point attach- 

ment so that the F-84 is free to roll about the attachment but restrained 

in pitch and yaw, the dynamic stability study indicates that the F-84 

can be stabilized by using the ailerons as plain flaps if the aileron 
i 

motion is defined by the equation  Q a  * K ß     and K B approximately 

- 3« This type of control was investigated separately for pitching 

•••»—*"— 
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and rolling disturbances of the B-50 - F-8A combination but the preliminary 

studies did not consider simultaneous pitching end rolling disturbances or 

the effects of wing elasticity. Further investigations may show that the 

ailerons should be controlled so that the aileron angle varies as a 

function of both f3   and /3 which will increase the complexity of the 

necessary automatic control system* 

On the assumption that the F-84. can be suitably stabilized by 

moving the ailerons in proportion to the angular misalißnmeAt betv/een the 

F-S4. and B-50 wings, control can be accomplished by either a direct 

mechanical link between the wing tip coupling mechanism and the aileron 

system or by a servo system which moves the ailerons in proportion to 

•sing misalignment angles, For tha servo systss, wing misalignment angles 

would be detected by a Synchro mountod on the rotating shaft of the wing 

tip attachment lance. If further studies of this mode of eon-ml show 

that addition of rate control is not required, the simple mechanical 

linkage for operating the aileron as shown in Fig. 1 (H-A-C. Dwg. X-20150) 

will be satisfactory. 

For operation of both ailerons in the same direction a device 

for changing from differential operation to flap type operation must be 

included in the F-84 aileron system. R.A.C. Dwg. X-20150 (Fig. l) shows 

the proposed F-84 aileron connection linkage at fuselage station 167 

in which the right aileron control rods are connected to the left aileron 

f 
control rods by two hydraulically operated cylinders. For normal aileron 

operation one cylinder is hydraulically operated to its proper fixed 

length and locked in position so that the right aileron moves differentially 

:'-i-72 
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with respect to the left aileron and the other cylinder is free to lengthen 

or shorten as required. For the flap type of aileron operation, the o',her 

cylinder is hydraulically operated to its proper length and locked in 

position and the first cylinder is fr^e to change length. 

An investigation was made of the servo power and speed required 

for operating the ailerons in accordance with the equation § a • "3/3 

in order to determine probable servo motor characteristics for use as a 

basis of servo system design in the event that mechanical coupling of 

the ailerons to the wing tip attachment mechanism proves undesirable» 

The amplitudes of the wing misalignment angle, /j , and the rate of change 

of this angle, /3 > during a rolling oscillation of the F-8A relative to 

the B-50 were assumed to be greatest for a simultaneous pitching and 

rolling disturbance of the B-50 - F-84 combination^ To estimate the 

probable order of magnitude of /3   and [5 ,  the curves plotted in the 
0 

dynamic stability study showing the variation with time of (3  and fo   for 

separate pitch and roll disturbances at time t » 0 were superimposed and 

resultant curves of ft     and /3 were drawn by adding ordinates algebraically. 

The resultant /3 curve was coordinated with the resultant fj  curve so that 

/3  v?as zero for the maximum value of f3   , thus making the estimate more 

conservative. The variations of /3 and /3 with time during the latter part 

of the first quarter cycle of the F-84. rolling oscillation obtained by this 

method and the corresponding values of /3   BVB  shown in Fig. 2. It is 
•     • • 

realized that this method of estimating maximum values of /3   ,  /3 and /3 

gives only approximate results but it was used ih this instance since no 

data on oscillations resulting from simultaneous pitching and rolling 

J.-1-72 
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disturbances of the B-50 - F-B4- combine.tion was determined during the 

preliminary dynamic stability study. 

For aileron control with   (j a    = - 3/3 ,  and for negative values 

of   /3   $ positive or downward aileron deflections are required.    Movement 
« 

of the ailerons in direct proportion to ($   3-s possible until the ailerons 

reach their angular deflection limit at + 16 degrees (0.279 radians) which 

corresponds to a wing misalignment angle of /3  » - 0.093 radians. Therefore, 

for the simultaneous pitching and rolling disturbance assumed, the ailerons 

can move in direct proportion to the wing misalignment angle until they 

reach their limits, but after that must hold their maximum deflection until 

the wing misalignment angle passes through its maximum value and reduces to 

0,093 radians. This will result in a different type of /3 versus time curve 

than that aaaumev. for the simultaneous pitching and rolling disturbance, but 

for less severe disturbances where the maximum amplitude of /3 is 0.093 
1 

radians oiMess      the probable shape of the oscillation curve will be 

similar to that shown in Figs 26 

The maximum servo horsepower required was computed from values 

of aileron angle, fla , aileron angular velocity, oOa f and hinge moment 

per aileron,  MJJ ,  corresponding to values of 0    plotted  in Fig. 2.   &a 

and w a were calculated from the relationships   Q&    »~3/3 and ^, 3ß 

respectively and values of MH corresponding to Q a were determined from 

data presented in Reference 2. Horsepower was commuted by the formula 

HP • 2 MH <<^a which neglects the very small torque required to overcome 

55Ö~~ 
the aileron inertia. Curves showing the computed values of <ja , to&  , MJJ, 

and total horsepower required to drive both ailerons are shown in Fig. 3. 
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The F-84 aileron control system is .shown schematically in Fig. 4. 

The assumption was made that a two phase induction servo similar to Bendix 

type 15601-1 will be used to operate the ailerons and that it will be 

connected to point b of the booster control arm with a linkage that will 

move lever b in exactly the same way as the pilot's control stick does. 

On this basis the angular relationship between the servo and the ailerons 

will be the same as that which exists between the control stick and the 

ailerons. The angular relationship between control stick travel and left 

aileron travel, plotted in Fig. 5, was obtained from Reference 3. From this 

data the angular transfer coefficients, C^ • stick angle divided by aileron 

angle, was calculated and plotted as shown in Fig. 6. Stick angular velocities, 

WS) corresponding to aileron angular velocities, 6J&  , plotted in Fig» 3, 

were calculated by the formula &J3    a    Cj aJ&   where Of  is the coefficient 

corresponding to values of Q a  plotted in Fig. 3. The required torque was 

computed from the relationship T s    550 x HP , using values of horsepower 

plotted in Fig. 3. Assuming that the servo i3 linked to lever b of the 

aileron control system in the same manner as the pilots' control stick, 

the calculated servo speeds and torques are as shown in Fig. 7. The 

calculation indicates that the servo should have a maximum speed of at 

least 10 R.P.M, and a stalling torque of about 200 ft.-lb. if the 

available aileron booster is not used. Utilizing the 10.18 to 1 boost 

ratio of the hydraulic aileron booster cylinder a servo with a stalling 

torque of approximately 20 ft.-lbs. might be adequate, providing the 

aileron booster has sufficiently fast response. 

.%•- 
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A probable servomechanism for controlling the aileron angle in 

direct proportion to the wing misalignment angle is shown in block diagram 

form in Fig. 8, Assuming that rate control is not necessary, the system 

will consist of the following components: 

(a) Displacement Signal Autosyn, Similar to Bendix 
Type AY-101D 

(b) Servo, Similar to Bendix Type 15601, With Rate 
Generator, Magnetic Servo Disconnect and Pulley 

(c) Clutch Switch, Bendix Type CQ-9 

(d) Pilot's Clutch Release Switch 

(e) Aileron Foliow-Up Autosyn, Similar to Bendix 
Type AY-101D 

(f 3 Amplifier Unit. Similar to Bendix Type 12319-1 

(g) Power Supply, 3 Phase 115 Volts 400 Cycle A.C. 
and 28 Volts D.C. 

In addition to these components the final design may also include a rate 

gyro equipped with an inductive type pickup, similar to Bendix type 786972 

as shown by dashed lines in the block diagram of Fig. 8. Equations have 

been derived for use in the design and analysis of the aileron control 

system, and are described in detail in Section IV. 

HI -Elevator Control Of F-64 For Coupling With F-84 Free To Roll And 

Pitch But Restrained In Yaw 

The dynamic stability study indicates thatjf or the coupling in 
> 

which the F-84 is free to pitch and roll about the wing tip joint but 

restrained in yaw the F-84 can be suitably stabilized by moving its elevator 

!>-J--7 2 
I  ftav. 2/M9 
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in proportion to the wing misalignment angle and the rate of change of the 

wing misalignment angle, i.e., <5 e = * ( 0> » ß  )• Independent studies 

of the flapping and pitching motions of the F-84- for pitching and rolling 

disturbances of the B-50 - F-84- combination indicate., that the oscillations 

of the F-84 will be suitably damped if O e a 0.1/3*  0 = 2/3, 

In order to estimate speed and torque requirements for moving 

the elevator as required, it was assumed that the variation of (3f ß,  and /3 

with time when using elevator control and a single point attachment would 

be similar to that estimated for the two point attachment with aileron 
» 

control as shown in Fig. 2.    The values of Q e and  £)Q during the last 

half of the first quarter cycle of the F-84 oscillation were computed 

from the equations ^e    =    0.1/3 •    0.2 fi> and <J e    =    0.1/5 t-    0.2 ß , 
• *  • 

using values of ß p (5 $  ana f3 shown iii 7 ig* 2. The estimated variations 

of ^ e and<^ e with time for the portion of the F-8£ oscillation considered 

are plotted in Fig. 9. These curves indicate a maximum elevator angle of 

approximately2 degrees and a maximum elevator angular velocity of about 

4. degrees per second (.67 R?M). Since the elevator hinge moment for the 

F-84. is about 20 ft. lbs. for an elevator angle of 2 degrees at a cruising 

speed of 300 miles per hour, the servo motor required for the elevator 

control system must have a stalling torque of at least 20 ft» lbs. and a 

maximum speed of about 0.67 RFM. The rate gyro must be sensitive to wing 

angular velocities up to 11.5 degrees per second.  , 
> 

The proposed servomechanism for controlling the F-8A elevator 

as a function of /J and ß  is very similar to that required for aileron 

5-1-7 2 
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control with the too point attachment as discussed in Section II and iß 

shown in block diagram form in Fig. 10. The system will consist of the 

following components: 

' i 

(a) Displacement Signal Autosyn, Similar to Bendix 
Type AY-101D 

(b) -Servo, Similar to Bendix Type 15602-0 With Rate 
Generator,  Magnetic Servo Disconnect,  and Pulley 

(c) Clutch Switch, Bendix Type CQ-9 

(d) Pilot's Clutch Release Switch 

(e) Elevator Follow-Up Autosyn, Similar Xo Bendix 
Type AI-101D 

(f) Amplifier Unit, Similar to Bendix Type 12319-1 

(g) Rate Gyro With' Inductive Type Pick-Up, Similar 
to Bendix Typs 786972 

(h)    Power Supply, 150 VA, 4-00 Cycles, 3 Phase, 
JJL5 vojLiis ä.ü. anu 2b Vcxta JJ.CJ. 

The estimated maximum weight of the complete servomechanism, le?s the 

power supply, is 20 lbs. 

In the proposed system the wing misalignment angle would be 

measured by the displacement signal autosyn mounted on the rotating shaft 

of the F-84.' s wing tip attachment lance.    Rate of change of the wing 

misalignment angle would be measured by the rate gyro mounted in the 

wing tip.    The servo should be mounted as close to the elevator as possible 

and coupled.to the elevator torque tube by a cable and. pulley type of 

rigging.    The follow-up autosyn would be mounted directly on the elevator 

torque tube.    Equations based on the block diagram of Fig.  10 for use in 

the design and analysis of the elevator control system have been derived and 

ar© outlined in Section xv0 

:     5-1-72 
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IV Equations For Analysis Of Aileron Control For System With Freedom In 

Ro3.1 Only And Elevator Control For System With Freedom In Roll And 

3., Symbols 

Symbols used in the equations developed in parts 2 and. 3 are 

defined as follows» 

ß 
ß 
©2 

©3 

»5 

®9 

*2 

*6 

Angular displacement in roll of F-84 relative to B-50« 

Angular roll velocity of F-84. relative to B-50o 

Angle of rotation of servo motor shaft. 

Angle of rotation of servo motor gear train output shaft* 
v 

AhäA.f*  of Y-ntftjjiorj of aileron boopter output lever 
(in aileron control system) or servo outout pullev 
(in elevator control system). 

Angle of rotation of elevator rigging output shaft« . 

Angle of rotation of elevator with reference to zeroed position 
when (3  is zero«, 

Angle of rotation of aileron rigging output lever. 

Angle of rotation of aileron relative to zeroed position when 
ß  is zero. 

Transfer function for amplifier« 

Transfer function for motor. 

Transfer function for gear train. 

Transfer function for aileron booster (in aileron control 
system) or servo pulley (in elevator control system). 

j 

Transfer function for elevator rigging. ) 

Transfer function for elevator. 

s-1-72 
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Transfer function for elevator follow-up autosyn. 

Transfer function ^or elevator follow-up potentiometer. 

Transfer function for servo rate generator, •• 

Transfer function for rate generator potentiometer. 

Transfer function for rate gyro« 

Transfer function for rate gyro potentiometer. 

Transfer function for aileron rigging. 

Transfer function for aileron. 

Transfer function for aileron follow-up autosyn. 

Transfer function for aileron follow-up potentiometer. 

Transfer function for signal autosyn at wing tip joint« , 

Output torque of servo motor. 

Output torque of aileron booster (in aileron control system.) 
or servo pulley (in elevator control system)- 

Output\orque of" elevator rigging. 

Elevator hinge moment. 

Output torque of aileron rigging. 

Aileron hinge moment. 

Inertia and damping torque within the servo. 

Inertia and damping torque of ailerons or elevator. 

Input signal to amplifier grid. 

Follow-up autosyn feedback signal. 

Error signal» < 
] 

Internal feedback signal from servo rate generator. 

Signal from rate gyro. 

•<M M«g- 
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E; 

"•in 

*d 

kg 

kl 

k2 

klO 

*20 

kB 

*e 

J2 

J9 

G10 

Input signal to servo motor. 

Input signal to control system. 

Response function for rate generator. 

Angular transfer function for servo motor. 

Angular transfer function for gear train. 

Response function for rats gyro. 

Angular transfer function for elevator rigging. 

Angular aileron transfer function. 

Elevator stiffness, 

Aileron stiffness« 

Mechanical advantage of aileron booster. 

Linear stiffness of elevator cable according to Young's law. 

Elevator rigging stiffness„ 

hl.f'-fcifi-MT^a    annatii   r\f   •*, no-n-fcin    /if*   EO.TTTT.O   c»re--t-.am   »a.1.ai-1 \j-tu   +.-. 

motor shaft» 

Effective moment of inertia of aileron or elevator about hinge. 

Moment of inertia of servo gear train less input and output 
gears relative to servo motor shafts 

Effective moment of inertia of elevator rigging relative to servo 
motor shaft. 

Moment of inertia of servo motor shaft including one gear. 

Effective friction coefficient of servo. 

Effective friction and vortice damping coefficient for aileron 
<JJ.-  o xo v a >} or o 

Angle of attack, F-=84 wing. , 
V 

Angle of attack* F-84 tail* 

Elevator hinge moment coefficient ratio. 

f-1-7 2 
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Aileron hinge moment coefficient ratio. 

Ele'vator hinge moment coefficient. 

Aileron hinge moment coefficient. 

Mean elevator chord aft of hinge. 

Mean aileron chord aft of hinge. 

Total surface area of elevator aft of hinge. 

Total Surface area of ailerons aft of hinge. 

Dynamic air pressure on elevator or aileron. 

Laplace operator. 

Radius of servo pulley for elevator control system. 

Radius of elevator pulley. 

One half the length of the elevator cable. 

Effective torque transfer function for amplifier and motor. 

Effective torque transfer function for entire load. 

Transfer function for follow-up autosyn unit. 

Transfer- function for rate gyro unit. 

Transfer function for rate generator unit. 

Symbol indicating a function of a complex variable. 

'\ 
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2.    aileron Control For System With Freedom In Roll Only 

A.    Response Functions 

Consideration of Fip. 8 leads to the following evaluation of 

response functions,  all of Trhich are functions of a complex variable, 

the symbol (S) being omitted in s'ome instances for simplification: 

E1    s   <f - E0    m    ß Yp - E0    s   Error Function 

E      s   El - EZ - E3  = ßjp - EQ ,- E2 - E3    =   Amplifier Input 

T =-.   -   T?.r.(&) - ( ß v E,   - K" - ^ r.fs} -   Se S afu o   Mot Qf   T1 riwi 11 o 

(1) 

(2) 

92    s   ka Tcx (4) 

&Q    -   H(S) Tci    =    H(S) C(S)  ( /3 Yp - EQ - E2 - E3) 

E0    s    K(S) ©g    s    H(S) C(S) K(S)  ( ß Yp - ED - E2 - E3) (6) 

r 

S-l-7 2 
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E2    -    R(S) 92    =    R{S) kE Tcl    =    R(S) C(S) km ( ft Yp - E0 - E2 - E3)       (7) 

E3    =   G(S)/3      =    Y^ kgB/3 

E      =   Tci 
cTs) C(S) H(S) 

/3 Yp - K(S) 9g  - R(S) 02 - G(S)/3      = 

/3 Y    - K(S) 9Q  - R(S) km 89      -   G(S) 
K(sr 

©9 jTl + R(S) C(S) kffi + K(S) C(S) H(S)7 

»9   =   [YP-G(S)1   C(S) H(S) 

ß 1 + R(S) C(S) kHfK(S) C(S) H(S) 

89 

(8) 

(9) 

(10) 

fin "> 9Q 

ccsi H(S7 

3(S)-H(S)   [Yp -G(S)J    (12) 

(13) 
a   Aileron Angle to 

Signal Angle Ratio 
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m 

TB C(S) H(S) 
6Q    -     

G(S) 0(S) H(S) 

R(S) C(S) km + K(S) C(S) H(S) 1 + R(S) C(S) ka +  K(S) C(S) H(S) 
(U) 

The last term of equation 14 is the rate gyro's contribution to this response 

ratio. When there is no rate gyro G-(S) is zero and the last term of equation 

14 disappears so that 

__ Ip C(S) H(S) 

f|~ "      1 + R(S) C(S) km + K(S) C(S) H(S) 
(15) 

According to the dynamic stability analysis of the F-84 - B-50 combination, 

the oscillation of the F=S^ resulting from a pitch er roll disiurWaüs «ill 

3/3 (16) 

If this is true then equation 15 can be rewritten 

Yp C(S) H(S)      •• 

1 + R(5) C(S) km+ K(S) C(S) H(S) 
= -3 (17) 

'   I 

Therefore, a condition for stability is that equation 17 be approximately 

maintained.    In addition to equations 15, 16,  area 17, an equation for the 

damped servo oscillation is required.    This can be  obtained from an in- 

vestigation of the ratio of E0   to   f    as followss 

_£ta£Ki 



For one case, 

E 

i 
s     E,      «     K(S) 99 

*P $> *p 0 

K(S) G(S) H(S) 
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 - G(S) C(S) H(S) K(S) (18), 
l-fR(S) C(S) ka +.K(S) C(S) H(S) Yp+Ip R(S) C(S) kß «• Yp K(S) C(S) H(Sj 

With no rate gyro, equation 18 becomes 

*<L.  K(S) C(S)  H(S) 
1 + R(S) C(S) kg, + 'K(S) C(S) H(S) 

E, 
Y~ /3 
f 1 

(19) 

Equation! 18 and 19 express the ratio Gf the feedback signal to the originating 

siKüäl   r     .    It is a differential equation which is periodic and damped» 

Equation 19 taay be rewritten 

E, Yp H(S) K(S) C(S) ~ 

1 + R(s') C(S) kffi+ K(S) C(S)  H(S5 " '° 
(20) 

The transfer coefficients and final solution of this differential equation 

( 

S-X-72 
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will be considered later« 

Another equation which can be used for stability consideration is 

•p. -o TT._ ± 
Si 

v. U 

aaaci 

(21) 

i 
M 
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El 

K(S) c;s) H(S) [YP -G(S)J  
Yp * Yp R(S) 0(S) km + G(S) C(S) 5(3) K(S) 

(22) 

For no rate gyro equations becomes 

EG 

El 1 + R(S) C(S) km~ 
(23) 

Equations 22 and 23 represent the ratio of the feedback signal voltage to 

the error signal voltage. They are differential equations whose solutions 

are damned oscillations«, 

A third equation for use in stability consideration is concerned with the 

ratio of Eg to E for the internal feedback loop» 

E2 
ü 

R(S) C(S) km 

The nature of this equation and the selection of the proper transfer functions 
- 

will prevent unstable oscillation of the internal loop«, 

I 
: B.    Evaluation of Transfer Functions 
i 

|       The load transfer function H(S) is a function which transfers motor 
t 
J 4  torque into an angle of rotation of the ailerons. Ail of the torques 

which the motor must overcome in order to create an angle of rotation of 

the ailerons, 89 , must be considered« \ 

S-1-7Z 
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6q H(S) Tcl (25) 

OiTiWfci 
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The inertia and damping torque within the servo system is given by the 

equation 

T0sl • Jl s2 ®2 * fl s ®2 (26) 

In equation 26, J^ is the effective moment of inertia of the moving components 

of the servo with respect- to the motor shaft and t\  is the viscous damping 

coefficient. The term f\  s ©2 is the damping torque which the motor must 

overcome« 

In addition to the torques shown by equation 26 there will be an inertia and 

damping torque exerted by the ailerons» an aerodynamic hin^e moment on the 

aileron torque tubes, and a viscous damping due to the aileron booster. 

The inertia and damping torque exerted by the ailerons on their torque tubes 

is 

Lsc2 Jg 82 ©9 4» £3 3 (27) 

The hinge moment due to the aerodynamic load will be 

S-l-7 2 
Rev.    2."f9 

where 

•M( 
-     P.,-     PJ  A 'na a "a 

;Ha = s   d C Ha 
d 89 d <A 

80, 4- d CHa    .    , 

K2B) 

(29) 

3 
n 
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'1 

Assuming the aileron sitlffness, k20j  if« 

k20    *    pd 3a Ca      d CIfa 

d  8g 

and the aileron hin^e moment coefficient rati* is 

020    r   d CHa/do<> 
d CHa/d 69 

(30) 

(31) 

•onen 

To7 = k20 ®9 + k20 c20 

The total torque which must be applied to the ailoron torque tube by the 

aileron rigging is 

(32) 

Te6 s J2 s2 89 + f2 s 69 * k20 8^ + k20 G20 <* (33) 

If it is assumed that there is no time element between the aileron and the 

booster, then the torque delivered by the booster to the first lever arm 

after the booster will be 

.-1-7 2 

TC3 = T06 

The transmission of the servo torque Te2 through the booster to produce 

the effective torque Tc3 is not independent of time and the time element 
•I: 
I 

of the booster may cause a severe "clipping" of T03 and also of 89. It is 

only in the case where ©3 and 64. are in phase that the maximum mechanical 

advantage of the booster can be obtained. The variation ofv
9Q as a function 

4 

of 83 can be determined experimentally,. 

(34) 
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For driving frequencies much lower than the resonance frequency of the 

booster the aileron angle 09 will be able to keep up with the servo gear 

train output shaft angle 83.    For such a case, 

69    •    k (09  ,  83) 83 (35) 

where ^893,^83) is an unsymmetrical parabolic locus coefficient. A plot 

of ©9 versus 83 will reveal the nature of this coefficient. For frequencies 

of servo output shaft ''gear train) oscillation greater than the booster 

resonance frequency 89 will lag behind ©3 so that k (89 , 83) will be time 

dependent. This coefficient can be readily obtained from experiment. 

Sincej for the gear train}  assuming no back-lash. 

8^  » kr) 60 (36) 

the relationship between 89 and 82 is 

89 m   k(8g , k^ ©2, s) $2 (37) 

where the time element is included by considering 69 and 82 as functions 

of the complex variable s.    In view of these facts it is assumed that 

Tc3    •   *4 Tc2 

where Y4 is the booster transfer function which accounts for the1 lag of 

adjustment between 83 and 84« This transfer function is the effective 

mechanical advantage of the booster at any instant and must be experimentally 

determinedo 

(38) 

;i 49   j 
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The torque delivered by the servo gear train output shaft is To2s 

If there is back-lash in the gear train Y3 •will also be time dependent 

so that 83 will not be proportional to §2 at every inrtant. 

Therefore, 

Tc2 s Y3 Tci (39) 

The actual torque which the motor shaft must deliver to the gear train is 

therefore, from equations 26, 33, 34, 38 and 39, 

Tol = T06 

*3 h Y13 
•*• ^csl (40) 

Tcl    s    ^1 s2 + fl s^ 82 + (J2s2 + f2s * k20)e9 + k20 c20 <X 
V-i   Y;   V-i Y-* Y/ Yi3 

(a) 

Since 

then 

©2    =   km   Tel 
Jo 

/1 - (Jis2 * fi s) kg, "j T0i • (J2s2 + fgs + k2o)9a   +   k2Q C2Q 
Y3 *4 113       *3 Y4 Y13 *2 J 

(42) 

(43) 

The last term of equation 4-3 is small in comparison to the others so that 

H(S), the load transfer function, is 

firx   «. 
"7 - 

-OA 

Y2 Y3 JA Y13 - Y3 Y4 Y13 km (Ji s^flS) 
Jo  (J2 s2 * f2 s *• k20;    , 

(44) 
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The transfer .functions G(S)'for the rate gyro, if used, R(S) for the servo motor 

rate generator, G(S) for tho amplifier unit and servo motor, and K(S) for the 

follow-up autosyn can not be evaluated until particular components for the 

control system are selected and then they must be determined from experimental 

data. 

/ 

'( 
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3. Elevator Control For System With Freedom In Roll And Pitch 

A. Response Functions 

Equations for the response functions for the elevator control system 

are developed in the same way as those outlined for the aileron control system 

in part 2. Reference to Fig. 10 and substitution of ©6 for 89 in equations 1 

through 14 results in the elevator angle to signal angle ratio 

G(£) C(S) H(S) 
*6  =   : , ,,,   -  ,  - ,    KAO) 
•ß 1 4 R(S)C(S) km * K(S)C(S)H(S)    1 + R(S)C(S) km * K(S) C(S) H(S) 

The first and seoond terms on the right hand side of equation 45 are the respective 

contributions of the displacement signal and the rate signal to this response 

ratio. This is a differential equation which specifies the relationship existing 

between the elevator angle and the wing misalignment angle at any instant of time 

when the transfer functions are properly expressed as complex variables. However, 

it has been determined by the aerodynamic stability analysis that a second 

relationship must also exist between ©6, ß  , and /J , that is at any instant of 

time • 
»£    -   0.1 /3 0,2/3 

(j.n\ or 8i    -   a H/?    A   h/3   .    S/  . fan ih)/^ 

where a and b are used in place of the approximate constants 0ei 
9 

and 0.2 and the Laplace operator s is used to convert   /3   to   /3    - 
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w The desired transfer function is therefore 

86    a    a s    +   b 

ß 
Since equations 48 and 45 are equivalent the overall transfer functions must be 

equal so that 

s +• h r 
Yp G(S) H(S) G(S)C(S)H'S) 

l+R(S)C(S)km +• K(S)C(S)H(S)    l+R(S)C(S)km + K(S)C(S)H(S) 

(48) 

(49) 

That is, the equivalence can be obtained between the aerodynamic and servo 

transfer functions by suitably adjusting the gain parameters of the servo 

system. Equation 49 thus represents the ideal goal in the design of this 

servomechanism. The gain parameters Yp, G(S), C(S), H(S), K(S), and R(S) 

Can be evaluated for e ach component of the servo system» 

In addition to equations 45 through 49, equations for the response function 

for the servo system itself must be derived for use in investigating its frequency 

characteristics 0 

Since   E0 r  K(S) 85 * (50) 

'and      (   -  Yp ß   , (51) 

I  equation 45 can be rewritten in terms of E0 and £   and the ratio of the feedback 

1  signal voltage to the originating displacement signal voltage is the same as 

expressed in equation 18* The proper relationship for adjusting the feedback 

voltage (since Yp is nearly constant) can be obtained from differential equation 

'  18 expressed as a complex variable, keeping in mind that equation 49 must be 

1  satisfied at all times. 

I 
t 
t 

i-l- 
cv. 

72 
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The differential equation for the ratio of feedback signal to error signal is 

the  same as equation 22 and is derived in the same way. 

The equation for use  in considering the stability of the internal feedback loop 

is the same as written in equation 24 and the selection of the proper transfer 

functions R(S) and C(S) will prevent unstable oscillation. 

B*    Evaluation of Transfer Functions 

The load transfer function H(s) for the  elevator control is derived 

in the same way as the aileron control load transfer function was evaluated« 

j.116 rej»aoxonsnxp exxsuo.ng DSuWoen tüS servo mouor ouupuu torque ariia ui*e 

elevator angle is 

flfe    s    H(S) T-el (52) 

Since Tc]_ is the torque applied to the load by the servo motor, all of the 

opposing torques which the motor must overcome to drive the elevator to the 

angle 86 must be considered„ 

The inertia and damping torque within the servo itself is expressed 

by equation 260 

Since the elevator control is to be accomplished by linking the servo 

motor to the elector torque tubs by means of a pulley and cable system, 

whereas in the aileron control system a push-pull rod and lever system is 

used, the rigging torque must bo evaluated* The rigging torque depends on the 

tension of the cable* i.e.s its linear stiffness* When the servo pulley 

rotates ©4 radians the cable tension changes by k0 rl 8-4.. The elevator 

pulley will rotate ©6 radians and the change in length of one half of the 

cable Will be 

t»sv . 2/ 49 
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41.   =    XT. fy. " r2 % (53) 

Experimentally it can be shown thpt 

»6 = kl *L (54) 

where ki is a transfer function which changes radians of servo pullry rotation 

into radians of elevator pulley rotation« 

ineü. 

At   r    (ri - r2' kx) 84 s (n. - r2) ©£ 

(kl 

(55) 

If it is assumed that the stretching force applied to the cable when the motor 

turns the elevator is kc A L and this force is applied at a distance ri from 

the center of the gear- train output shaft, then the stretching torque on one 

half of the cable length will be kc A L ri and for the whole cable 

Tc2 s 2 k0 A L n s 2 kc r±  (51 - r2) e6 
(ki 

Tc2 will apply torque to the elevator and turn it 8£, radians. The actual 

torque applied to the elevator shaft will be 

lcA    . 2k0r2 (ri ©4 - r2 %) 

For a zeroed value of 9^, the torque on the elevator shaft is 

V = - 2 k0 r2
2 % 

Therefore,  the elevator ringing stiffness is •{ 

kQ    e   2 kc r2
2 

and T<J4 a - k6 $6 

(56) 

(57) 

(58) 

(59) 

(60) 
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The transfer function which transforms a torque into an actual angle of rotation 

of the elevator shaft is 1 . The torque l^k  raust act against a hinge moment 
ke 

TC5 caused by aerodynamic forces on the elevator together with inertia and 

damping torques which also must be overcome by the motor. The elevator rigging 

stiffness ke is evaluated as follows: 

The torque exerted by the motor will be the sum of the gear train and 

motor inertia and damping torque plus the reaction torque of the gear train on 

the pulley. 

Tel a Jl s e2 + f1 8 %2   •*• Tc2 
x3 

(61) 

vd 

i s — \ 

"2 ~ ^ 
kd 

% 
ki kd 

(64) 

Lel % 
kx kdy3 

(JX B
2
 Y3 + fl s Y3 • 2 kckd^i

2 - 2 ^kx^rirg) 

The inertia and damping torque exerted by the elevator on its torque tube is 

similar to that shown for the aileron control system in equation 27 and is 

(65) 

5-1-72 
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TC82    =   J2 ^ ®6 +   f n   S 

The hinge moment due to the aerodynamic load will ne 

Te5    a    CHe Pd se Ce 

(66) 

(67) 

ÜSSS 
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°He    S     Ö CHe    .  %     +   d GHe    . o(t 
d 06 d c* 

Assuming the elevator stiffness, k^o» is 

%>    =    pd Se Ce      d CHe 
d % 

and the elevator hinge moment coefficient ratio is 

(68) 

(69) 

c10 =   d cHe/d <*t 

then 

(70) 
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Tc5   -   -10 % • Ho Gio  <* t (71) 

The total torque ^shich taust he applied to th« elevator torque tube by the 

elevst-er rigging is 

T^ s J2 s2 @6 * f2S@6 4- k10 96 * k10 G10 ©^ (72) 

Equating the expressions for Tc^ of equations 57 and 72, 

2 kc r2 (ri &4-r2 86) * J2 a2 % * ?2 B e6 + kio % + k10 clC-C<t ^73^ 

or 

2 kc r2 86 (ri - r2) a J2 32 9$ * f2 s 96 * kXo ©6 + 
k10 c10 <*t       (74) 

«1 

ko  * ,ki  f J2 s2 * f2 s  * k10 r 
kio °io — 

2 T2 (PI - Iq. r2) *- V 66 ] (75) 

"yfci 
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The elevator rigging stiffness is therefore,  from equation 59, 

kQ     a 

ri-kl *2 

From equation 65 it is seen that 

*1    r2    I" J2 s2 * f2 3 * klO Cio     2LS +[io 1 
-ki ro   L -J 

(76) 

f  kl *a Y3 _/   Tei        (77) 
e6    =   [Jl s^ Y3 +  f£ s Y5 + 2 kc ka r^ - 2 kc kj k£ ri r2 

Substituting for kc from equation 75.  equation 77 becomes 

kl kd Y3 

9i    r     ki kp. ri  r . O 

(78) 
0 Tcl 

~K -v ,2 v x "^ ~x     J2 sÄ +  f*2 s + k-^o + k-j^o ci0^iS I + dl B    *3 + xl B 13 
^ »4 

,5    -L-       r»_ ._    jtx,.„—ij From equation y^t -cnererore,  xu xs seen iinat» Tine xoaa uranaiwr jniiieulon is 

H(S) kl kdl3 

^ rifj2 s2 
r2 P 

(79) 
./ n 

+   f2 s + k^o +   k^Q ui0   ii-t | + «J"i s2 I3 + f i s Y^ 

The transfer functions G(S) for the rate gyro, R(S)  for the servo motor rate 

generator, C(S) for the amplifier unit and servo motor,  and K(S) for the follow- 

up autos^n can not be evaluated until particular components for the control 

system are selected and then they must be determined from experimental data«, 
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4. De3jgn Of The Control System 

For either the aileron control system for the wing tip attachment with 
'\ 

freedom in roll only or the elevator control system for the attachment with 

freedom in both roll and pilch, a suitable servomechanism can be designed 

through use of the equations set up in parts 2 and 3 of this section. After 

selection of the particular type of control to be used, i.e., aileion or 

elevator, the steps to be followed are: 

(a) Select components for the complete system on the basis of 

estimated torque and speed requirements of the servo motor 

and estimated values of ß  and /3 B 

K'ti}   Determine transfer functions for each comnonent experimental!-0- 

öö that CIS), R(S)t C(S), K(S), and H(S) may be expressed as 

functions of complex variables. For the aileron system this 

will include evaluation of the time response of the F-84 

hydraulic aileron boost cylinder and valve, 

(c) Substitute these transfer functions in the approximate equations 

öf part 2 or part 3 and analyse the stability of the servo syätem 

by examining these differential equations by Nyquist' s method0 

By varying parameters as required a servomechanism which will 
i 

restrict the rolling of the F-84 about its wing tip attachment 

to suitably damped oscillations can be desigjned. 

S-.-72 
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Va Discussion 

For the two point attachment in which the F-84 is free to roll but 

restrained in pitch and yaw, control may be possible by either (a) direct 
i 

mechanical operation of the ailerons in direct proportion to win?: misalign- 

ment angle or (b) by operation of the ailerons through a servomechanism 

in proportion to both wing misalignment angle and rate of change of wing 

misalignment angle. Either of these two methods of aileron control will 

require modification of the F-84 aileron system to provide means of 
at 

operating the ailerons both in the same direction. 

The control system in which the ailerons are driven by direct linkage 

from the wing tip attachment mechanism can not be adapted to displacement 

plus rate control and may therefore prove less desirable than the s^rvo 

operated control system under the varying flight conditions which will be 

encountered. 

Operation of the ailerons through a servomechanism will require an 

extremely large eervo motor unless the F-84 aileron booster is included 

in the system. The use of the booster will complicate the system through 

introduction of time lag and a non-linear torque transfer function as well 

as a requirement for an electrically operated hydraulic pump and additional 

hydraulic valves. 

For the attachment in which the F-84 is free to both roll and pitch 

but restrained in yawj control can be accomplished by operating the elevator 
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to vary the angle of attack and thereby vary the wing lift.    The servomfiohanisra 

for this mode of control can-be made available by modifying existing Bendix 

autopilot components,,    Of the thr^e systems considered this systo,; appears 

to be .the most desirable from the standpoint of availability of control 

system components, adaptability to various control signal inputs, and 

minimum F-84 control system modification» 
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